(1-3). The PP2A heterodimer is generally found associated with a third, variable subunit termed B (6-8). The A and B subunits are thought to provide regulatory functions.
The vast majority of protein phosphoserine and phosphothreonine groups are hydrolyzed by a relatively limited number of phosphoprotein phosphatases. These enzymes fall into four major classes, Types 1, 2A, 2B, and 2C (1) (2) (3) . Phosphoprotein phosphatase 1 (PP1) is controlled by distinct targeting subunits (4) , and PP2B (also termed calcineurin) is regulated by Ca2+/calmodulin (5) . The mechanism of regulation of PP2A, however, remains to be established. PP2A has been purified from a number of different cell types as a heterodimer, composed of a 36-kDa catalytic C subunit that is homologous to the catalytic subunits of PP1 and PP2B, and an unrelated 65-kDa A subunit (1) (2) (3) . The PP2A heterodimer is generally found associated with a third, variable subunit termed B (6) (7) (8) . The A and B subunits are thought to provide regulatory functions.
The catalytic subunit of PP2A is subject to methyl esterification of its C terminus (9) (10) (11) . This reaction is catalyzed by a specific S-adenosylmethionine (AdoMet) dependent methyltransferase (MTase) (9) . Most protein methylation occurs at nitrogens in lysine, arginine, and histidine side chains, or at N-terminal a-amino groups. These are essentially irreversible posttranslational events. In contrast, methylesters are potentially subject to hydrolysis through the action of esterases, and protein methyl esterification can, therefore, function as a reversible regulatory modification analogous to protein phosphorylation. Reversible methylation at specific glutamates in membrane receptor proteins provides an essential adaptive function in bacterial chemotaxis (12) , and reversible methylation at C-terminal prenylcysteine residues may regulate signal transduction pathways that involve G proteins and Ras-related lowmolecular-weight GTP-binding proteins in vertebrate cells (13) .
Here we report the identification and purification of an enzyme (or enzymes) that specifically catalyzes the demethylation of PP2A. This is the first eukaryotic protein methylesterase (MEase) to be isolated and characterized, and its
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The purification involved hydrophobic interaction chromatography on a Phenyl-Toyopearl column followed by ion exchange chromatography on a DEAE-Toyopearl column. The MEase was further fractionated by size exclusion HPLC using a Superdex-75 HR column ( Fig. 2A) , and activity (shaded area) was observed in fractions eluting with retention volumes characteristic of 40-to 50-kDa globular proteins. The active fractions were combined, concentrated, and rechromatographed on a Superdex-75 column under the same conditions. The MEase eluted with a retention time corresponding to an apparent molecular weight of -46,000. This material was then fractionated on an ion exchange Mono Q HR column using an NaCl gradient (Fig. 2B) . Activity was observed in two peaks eluting with 300 mM NaCl (peak I) and 310 mM NaCl (peak II). SDS/PAGE analysis revealed that both peaks (9) . MEase activity from extract prepared from two brains was separated from PP2A during chromatography on Phenyl-Toyopearl and was found in fractions eluting between 430 and 220 mM ammonium sulfate. These fractions were combined, dialyzed against buffer A (50 mM Mops-Na (pH 7.2)/1.0 mM EDTA/1.0 mM DTT/0.50 jug/ml each of leupeptin, pepstatin, and aprotinin), and loaded onto a DEAEToyopearl TSK 650M column (1.6 x 12 cm) pre-equilibrated in buffer A. MEase was eluted between 124 mM and 185 mM NaCI using a linear salt gradient from 0 to 300 mM NaCl in 300 ml of buffer A and was concentrated to a final volume of 1.0 ml by ultrafiltration using a Centriprep-10. The resulting material was chromatographed in two 0.50-ml portions on a Superdex-75 HR 10/30 column pre-equilibrated in buffer A containing 0.20 M NaCI at a flow rate of 0.30 ml/min at room temperature. Fractions containing MEase activity were combined, concentrated as described above, and rechromatographed on a Superdex-75 HR 10/30 column. Fractions containing MEase were combined (-1 mg of total protein), concentrated, and re-equilibrated with buffer A by ultrafiltration using a Centricon-10. The protein sample was loaded at 0.70 ml/min at room temperature onto a Mono Q 5/5 HR column equilibrated with buffer A, and eluted at 0.70 ml/min with consecutive linear gradients of NaCl in buffer A from 0 to 160 mM in 7.0 ml, 160 to 360 mM in 28 ml, and 360 to 400 mM in 7.0 ml. The enzyme resolved into two peaks that eluted at 300 mM (peak I) and 310 mM (peak II) NaCl. The two peaks were concentrated separately by ultrafiltration using a Centricon-10 and stored at -20°C in 40% glycerol. Peaks I and II contained 56 and 44 jLg, respectively. Protein concentrations were determined by the method of Bradford (18) using BSA as a standard.
contained homogeneous polypeptides with identical electrophoretic mobility corresponding to an Mr of 46,000 (Fig. 2C) (Fig. 3) . To Incubation of MEase with a 600-fold molar excess of unmethylated PP2A resulted in 50% inhibition of demethylation compared with the standard reaction condition, in which there is typically about a 4-fold molar excess of unmethylated over methylated PP2A (Fig. 4) (23), quantitatively inhibited PP2A demethylation (Fig. 4) . We have previously shown that okadaic acid also inhibits PP2A methylation (24) . Since okadaic acid has a high affinity for PP2A (23) , we suspect that binding of okadaic acid to PP2A in some way protects its carboxyl terminus from the action of both modification enzymes.
Methylester Turnover. The identification of a specific PP2A MEase establishes the final requisite component of a system for the reversible methylation of the phosphatase C terminus. To confirm this, we have shown that a reconstituted system composed of purified MTase and MEase can catalyze multiple rounds of PP2A methylation and demethylation (Fig. 5) . Thus, over a 24-hr period, an amount of methanol equivalent to >40 times the total level of PP2A present in the reaction mixture was generated from AdoMet. Methanol production was completely dependent on the presence of all three protein components. figure. terminus of the PP2A catalytic subunit, provide strong evidence that the PP2A MEase is highly specific for PP2A.
One other specific protein carboxyl MEase has been identified, the enzyme CheB that demethylates bacterial chemotaxis receptors such as Tar (22, 25) . In bacterial chemotaxis, the MEase CheB is highly regulated by phosphorylation in response to chemotactic stimuli, whereas the activity of the MTase CheR appears to only depend on the level of AdoMet and the accessibility of protein substrate residues. Thus, the MEase plays a much more important role in chemotaxis regulation than the MTase. The structure of the catalytic domain of the chemotaxis MEase has recently been determined, and the active site has been shown to be composed of a Ser-His-Asp catalytic triad with a structural arrangement distinct from that found in protease/esterases such as trypsin and subtilisin (26) . Despite the fact that it is clearly a serine esterase, the chemotaxis MEase is not inhibited by compounds such as phenylmethylsulfonyl fluoride or diisopropyl fluorophosphate.
Methylation has little effect on PP2A activity in vitro (11); therefore, it seems likely that this reversible modification functions indirectly to regulate PP2A. It has been shown that PP2A is phosphorylated and inactivated by tyrosine kinases such as the insulin receptor and v-src (27) . Since the site of phosphorylation, Tyr-307, is just two residues from the methylated C terminus, Leu-309, methylation may very well modulate this aspect of PP2A regulation. Methylation may also function to control interactions between the AC heterodimeric form of PP2A and regulatory B subunits. These possibilities are particularly intriguing in light of changes in PP2A methylation that have been correlated with progression through the cell cycle (28) . There is substantial evidence that PP2A plays an important role in the regulation of cell proliferation (29) (30) (31) (32) (33) (34) (35) (36) , and it seems likely that changes in methylation help orchestrate this process. Carboxyl methylation is a highly conserved feature of PP2A. The modification has been ob-served in numerous different vertebrate tissues as well as in yeast (16, 24, 37) . Therefore, it is highly probable that this modification apparatus involving two specific enzymes serves an essential function in the regulation of PP2A.
